An historical account is given of early studies at the University of Wisconsin of the temperature dependence of viscoelastic properties. It treatment (based on a generalized Maxwell model of linear viscoelasticity) for equivalence of temperature and frequency dependence of dynamic properties, in which the shift factor (aT) is defined as the ratio of any relaxation time at temperature T to its value at a reference temperature To. This specified plotting methods for composite curves for the real and imaginary components of the complex shear modulus and complex viscosity ; for the latter, aT enters both abscissa and ordinate scales. Examples were shown for polymer solutions where aT could be obtained from the temperature dependence of the steady-flow viscosity, thus eliminating the empirical shifting of curves and giving an independent measurement of the shift factor. Again this is valid only if all relaxation times truly change identically with temperature. What was the form of the temperature dependence of this important shift factor (Tobolsky's x, our aT) ? Tobolsky's early measurements, far above the glass transition Tg, were well fitted by the Arrhenius equation. It soon became apparent that with decreasing temperature there were enormous deviations which would correspond to a sharp increase in the apparent activation energy, similar to the behavior observed in the viscosity of supercooled and glass-forming liquids. We sought to determine this function for various polymers and relate it to composition and structure. (Of course, the other half of this investigation [and at that time the dominant portion] was to 89 651
treatment (based on a generalized Maxwell model of linear viscoelasticity) for equivalence of temperature and frequency dependence of dynamic properties, in which the shift factor (aT) is defined as the ratio of any relaxation time at temperature T to its value at a reference temperature To. This specified plotting methods for composite curves for the real and imaginary components of the complex shear modulus and complex viscosity ; for the latter, aT enters both abscissa and ordinate scales. Examples were shown for polymer solutions where aT could be obtained from the temperature dependence of the steady-flow viscosity, thus eliminating the empirical shifting of curves and giving an independent measurement of the shift factor. Again this is valid only if all relaxation times truly change identically with temperature. What was the form of the temperature dependence of this important shift factor (Tobolsky's x, our aT) ? Tobolsky's early measurements, far above the glass transition Tg, were well fitted by the Arrhenius equation. It soon became apparent that with decreasing temperature there were enormous deviations which would correspond to a sharp increase in the apparent activation energy, similar to the behavior observed in the viscosity of supercooled and glass-forming liquids. We sought to determine this function for various polymers and relate it to composition and structure. (Of course, the other half of this investigation [and at that time the dominant portion] was to specify the frequency dependence of viscoelastic properties at a fixed temperature, but that is another story.)
This investigation required precise measurements of linear viscoelastic properties (in small deformations) of polymers through the softening zone from rubbery to glassy behavior (shear modulus 105 to 1010 dyn/cm2) at closely spaced and accurately specified temperatures covering a very wide temperature range. In dynamic (sinusoidal) measurements, a wide range of frequencies, also closely spaced (logarithmically), was also necessary. The essential forerunner for this work was therefore the conception and development of the electromechanical transducer instrument of Edwin Fitzgerald, which provided accurate determinations of storage and loss shear compliance or modulus over very wide ranges of frequency, temperature, and consistency from soft to glassy. Without it, we would not have had the extensive, detailed, and reliable data on nearly a dozen polymers (including some solutions and gels) which drove us to seek a quantitative understanding.
In this method, forces and displacements are not measured, only their ratios as derived from electrical impedance measurements, and the deformations are very small. Linearity of viscoelastic response without loss of precision is guaranteed by routine tests showing that when the driving current is varied over a sufficiently low range the mechanical impedance is independent of it.
Fitzgerald (then a Ph.D. candidate in physics with a first degree in electrical engineering) devised many novel features. The samples were sheared between a driving tube carrying two coils in a powerful magnetic field and a freely suspended inertial member to avoid mechanical coupling to the apparatus frame. An ingenious electrical circuit enabled the required electrical transfer From ER.
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( 90) impedance to be calculated from a change in the ratio of driving currents in the two moving coils in several alternative procedures. The effect of mutual inductance between the coils was eliminated by the use of two coaxial fixed shielding coils. Fitzgerald derived and tested the equations required for these calculations, taking into account the mechanical impedances of the driving tube and the inertial member.
Constant and uniform temperature control of ± 0.1° or less was achieved by immersing the entire apparatus in a huge liquid bath ; the temperature was measured by a thermocouple only 1 mm distant from the sample and in metallic contact. This rigorous control was considered essential for meaningful measurements spaced sometimes only 3° apart and ranging from -50° to 150°C.
Fitzgerald designed every detail of this complex instrument and supervised its construction. It was machined and assembled in the University shops by several highly skilled machinists (especially T. Puddester) who achieved the very small tolerances required for the dimensions of the tube and coils and the narrow annular magnetic field gaps fixed by the positions of the massive pole pieces. A cross-section diagram of the instrument is shown in Fig. 1 .
The wide frequency range at each temperature (usually more than two logarithmic decades) and the close spacing of temperatures provided substantial overlap, after shifting, of each pair of adjacent curves to insure a critical test of congruency of shape. The requirement that the shift be the same for both storage and loss components of the complex compliance or modulus was an important criterion for, and further tested, the applicability of frequency-temperature superposition. The first polymer sample for which Fitzgerald studied the entire viscoelastic softening or transition zone together with the temperature dependence of the steady flow viscosity was polyisobutylene (PIB), completed in 1952. Shear storage and loss compliances were measured at 23 different frequencies from 30 to 5100 Hz and 22 different temperatures from -45° to 100°C. The data were carefully examined for possible sources of error and those with more than 2 % uncertainty from the calculation procedure were rejected.
Exact superposition matching with use of large-scale plots showed that all the relaxation times had the same temperature dependence. (This was confirmed also by stress relaxation measurements of the same sample by Tobolsky.) (FIB might have been a fortunate first choice, since much later studies by D.J. Plazek showed that for some other polymers the temperature dependence of the viscosity and of aT in the long-time terminal zone may be identical but somewhat different from that in the softening or transition zone.) By 1954, we had accurate plots of log aT against T in the softening zone for 9 polymers including 5 (concentrated) solutions and gels. How should they be compared?
Of course, for each plot, a reference temperature To had to be chosen. This was usually taken in the mid-range of the This was equivalent to selecting empirically a separate reference temperature TS for each system. The same procedure for 17 different systems showed that they all superposed to provide a single composite curve.
The first TS had to be chosen arbitrarily. Robert F. Landel, who had also stayed on postdoctoral appointment after his Ph. D., pointed out that choosing each TS as the glass transition temperature Tg would place different systems on a comparative basis since that is where segmental molecular motions cease. However, it is impossible to shift dynamic viscoelastic data in the softening zone directly to a reference of Tg because such data do not exist at Tg. Also, other molecular mechanisms with different temperature dependences enter near Tg, and Tg itself may be influenced by traces of impurities and thermal history. (D.J. Plazek has emphasized that, in any such treatment involving Tg, it should be measured on the identical sample used for viscoelastic measurements ; this was not the case in most of our work.) So working too close to Tg may involve complications.
The first TS was therefore chosen for PIB as 243°K-about the midpoint of the softening zone data-and all the others were found by matching data on a large-scale semilogarithmic plot. The composite curve for 17 systems is shown in Fig. 3 . By focusing thus on the middle of the softening range, each TS could be determined more precisely without the complications that arise at Tg. However, the two temperatures were found to be approximately related ; TS -Tg = 50 + 4° Williams, Landel, and I assembled data for the temperature dependence of aT from viscoelastic and viscosity data for many additional systems, including homologous polymers of different (low) molecular weights, non-polymeric organic glass-forming liquids, and inorganic glasses. I was familiar with this literature from my Ph. D. work in 1934-35 with G.S. Parks, who had extensively studied supercooled liquids and glasses. Each of these diverse systems, with a suitable choice of TS, fitted closely the curve in Fig. 3 ; and where Tg was known, TS -Tg was about 50 ± 7°
In seeking an analytical expression for this seemingly universal curve, we were guided by early equations for viscosity and dielectric relaxation of Vogel, Fulcher, Tammann and Hesse, and Davidson and Cole. A close fit was given by the equation ("WLF") ; log aT=-cl(T-Ts)/(c2+T-Ts) with c 1 = 8.86, c2 =101.6. Of course, to use the equation with these coefficients it is necessary to find TS by use of Fig. 3 . However, the equation can be written for any other reference temperature T'S by use of the relations c'1= c1 c2/(c2 + s) and c'2 = c2 + s, where s= T'S -TS. To the rough approximation that Tg = TS -50, the coefficients for the reference Tg are cl g =17.44 and c2 g = 51.6. Here we are using the WLF equation itself to extrapolate from a temperature range where softening-zone dynamic data are accurate down to Tg where they are inaccessible. These values, sometimes called "universal ," would permit an approximate prediction of the temperature dependence from knowledge of Tg alone, but only subject to the uncertainties about Tg mentioned above. Subsequently, in processing data for a specific polymer, we usually picked an arbitrary To in the middle of the experimental temperature range and obtained the corresponding c1 and c2 by simple plotting methods. When such coefficients are reduced to Tg, they vary somewhat from one polymer to another. We used them in estimating free-volume parameters, as described below.
The relation of the WLF equation to free-volume parameters evolved from modification of an empirical equation which had been applied by A.K. Doolittle to a rather different problemviscosities of liquid hydrocarbons.
D.J. Plazek has referred to the fortunate circumstance that, as a consultant to Carbide and Carbon Chemicals Corporation, I was very familiar with Doolittle's precise measurements and his demonstration that with changing temperature the logarithm of the viscosity was accurately expressed as a linear function of the ratio of occupied volume to free volume (per gram), without temperature entering explicitly. (How he determined free volume is not relevant.) Fox and Flory had already in 1950 suggested that the large increase in viscosity as Tg is approached from above is associated with a sharp decrease in free volume. Since the temperature dependences of aT and viscosity are essentially the same, a slight modification of the Doolittle equation, with Tg as reference temperature, could be written
where f is the fractional free volume, and B is a constant of the order of unity, originally set equal to unity. 
as shown explicitly by A.J. Kovacs in 1964. Eq. l does not, however, contain the parameter A' that specified the magnitude of the viscosity, and it can be applied to time-dependent properties of cross-linked rubbers and other viscoelastic solids that have infinite viscosity. Subsequently, our collaborators applied Eqs. 1 and 4 to many other polymers, rubbers, copolymers, solutions, and gels, with detailed data mostly from the Fitzgerald apparatus. Eq.1 was used routinely, of course, to process and test the internal consistency of data even when the free-volume parameters were not accessible.
There have been many other treatments, modifications, improvements, and elaborations of the temperature dependence of viscoelastic properties in the intervening years. Since this article is a record of early history, its scope does not include these important subsequent developments.
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